The detailed mineralogy of the Bullfrog and Tram Members of the Crater Flat Tuff from drill hole USW-G1 has been examined, primarily to characterize fully the amounts and types of clay minerals in the tuffs and the possible effects clay minerals have on rock properties.
The montmorillonite-beidellites exist in a 12.6 A form under room conditions, and their basal spacings can range from 10 at 0% relative humidity or slightly elevated temperatures to approximately 20 A in a 100% relative humidity atmosphere.
Further increases in water:clay ratio cause additional expansion.
In view of the possible significant variations in montmorillonite-beidellite molar volume and water content with small changes in temperature and relative humidity, it is important that we understand the present conditions existing in the rocks and appreciate the changes INTRODUCTION The tuffs of the Nevada Test Site (NTS) region have been and are currently under investigation as repository media for high-level radioactive waste.
Under these studies, a detailed exploration program began in 1979 at Yucca Mountain, and several exploration holes were drilled.
Data from the drill holes UE25a-1 and USW-G1, including geophysical, stratigraphic, structural, and petrographic information, are reported by Sykes et al. (1979) , Spengler et al. (1979, in preparation) , , and Carroll et al. (1981) . concluded that four horizons in the USW-G1 hole have favorable characteristics for a waste repository: the lower cooling unit of the Topopah Spring Member of the Paintbrush Tuff; the lower cooling unit of the Bullfrog
Member of the Crater Flat Tuff; the Tram Member of the Crater Flat Tuff (Spengler et al. in preparation) ; and the Lithic-rich tuff (Spengler et al. in preparation) . The latter unit has been tightly sealed by recrystallization during burial metamorphism, and the three other units contain thick densely welded and zeolite-free horizons. Carroll et al. (1981) focused on the details of the Topopah Spring Member of the Paintbrush Tuff and the Lithic-rich tuff and included a discussion of the clay mineralogy in the Topopah. They found that interstratified montmorillonite/illites were ubiquitous throughout the Topopah in hole UE25a-1, occurring in both welded and nonwelded horizons in amounts ranging from several per cent to approximately 20%. There was little variation in the degree of interstratification, and all of the clays examined were at least 80% smectitic (swelling). Optical petrographic examination demonstrated that the clays occurred in the groundmass and were concentrated along shard boundaries and pumice tube walls. reported the detailed petrography and mineralogy of the USW-G1 core, but they presented only a preliminary discussion of the clay mineralogy.
Selected samples from the Bullfrog and Tram
Members contained dioctahedral smectites randomly interstratified with less than 20% illite.
Because the data presented by concerning the clay mineralogy of the Bullfrog and Tram Members were of a preliminary nature, it is the purpose of this report to describe the clay mineralogy in detail and to briefly discuss the possible effects of clays on rock properties. Although clay minerals are commonly present in low concentrations within the tuffs at Yucca Mountain, they-are ubiquitous and can profoundly affect element sorption, rock strength, and the porosity and permeability of tuff. Erdal et al. (1980) and emphasize that it is possible for a minor phase to completely dominate the sorption properties of a rock, and the results of suggest that clay minerals control sorption in granites. The numerous papers in Longstaffe (1981) demonstrate the very important effect clay minerals, especially swelling clays, have on rock porosity and permeability. Minor changes in temperature and ground-water chemistry can dramatically lower the porosity and permeability. Finally, as a result of the swelling nature of smectites, small changes in temperature, pressure, and humidity can release water and lead to major volume changes. Because the clay minerals in the tuffs can have such a substantial effect on the chemical and mechanical behavior of the rocks, it is essential to examine the mineralogy in detail and to elucidate the effects of temperature and humidity on the clay minerals. For the present work, most samples examined in have been studied, and an additional suite of samples has been collected and examined. Because large samples were used in the clay mineral separations, x-ray diffraction patterns of homogeneous bulk samples were obtained routinely before performing the clay mineral separations.
II. STRATIGRAPHY
The stratigraphy of the Bullfrog and Tram Members in USW-G1 has been described in detail by Spengler et al. (in preparation) and , and only a brief description of these units will be presented here. The strat- 
III. REVIEW OF SMECTITE MINERALOGY
Smectites very commonly form as alteration products of volcanic rocks, including tuffs and volcanic ash, and montmorillonite can form from clinoptilolite (Ames et al. 1958) . The term smectite is used as a group name for the swelling 2:1 clay minerals including montmorillonite, beidellite, nontronite, saponite, hectorite, and sauconite (Brindley et al. 1975 ; Table I , Deer et al. 1966) . All smectites possess a structure similar to talc or pyrophyllite, with ionic substitutions creating negatively charged layers (Fig.   2 ). The silicate layers are composed of an octahedral sheet between two tetrahedral sheets; thus the notation 2:1 layer silicates. Octahedral sheets can have either two out of three or three out of three octahedral sites occupied yielding, respectively, dioctahedral or trioctahedral layers. The negative charge on the 2:1 layers can arise through the substitution of aluminum for tetrahedral silicon and/or the substitution of magnesium for octahedral aluminum.
In the smectites, cations are present between the layers to balance the negative charge on the 2:1 layers; these "interlayer cations" may include Smectites typically have cation exchange capacities ranging from 70 to 130 meq/100 g of clay, and sodium, calcium, magnesium, and hydrogen are the most common interlayer cations (Weaver et al. 1975) .
Large univalent cations such as potassium and cesium can be "fixed," that is, irreversibly exchanged, onto smectites with above average layer charge if the interlayer attraction Numerous authors (Burst 1959; Perry et al. 1970 Perry et al. , 1972 have shown that smectites undergo a transition to a mica-like mineral with increasing depth or temperature. This reaction involves both compositional and structural changes; there is a gain in interlayer potassium and additional substitution of aluminum for silicon in the tetrahedral layers, thereby increasing the net 7 negative charge, fixing potassium, and collapsing the layers to 10 A.
The overall reaction may be K-feldspar + smectite --illite + chlorite + quartz (Hower et al. 1976) or K+ + smectite --illite + chlorite + quartz + H (Boles et al. 1979 ).
Structurally, this reaction involves a complex intermediate clay phase in which layers are randomly collapsed to 10 A throughout a single crystal. In the initial stages of the reaction, a smectite is formed with 10 A, or illite, layers randomly dispersed throughout. This phase is termed a randomly interstratified illite/smectite and is a common product of low-grade diagenesis of smectites. A randomly interstratified illite/smectite ( Fig. 3c) is distinctly different from a physical mixture of illite and smectite (Fig. 3b) or a regular interstratification (Fig. 3a) , and care should be taken not to confuse 
IV. EXPERIMENTAL METHODS
The investigation of samples in this work involved standard x-ray powder diffractometer techniques and examination of clays separated by sedimentation and centrifugation. Bulk samples were crushed to approximately -300 mesh and mounted in cavities in glass slides. The cavities were large enough so that the sample area fully contained the x-ray beam at the lowest angle of interest. This technique ensured that clay mineral contents in the bulk samples would not be underestimated.
Relative percentages of the different phases were determined by comparison with standard patterns.
More accurate clay mineral identification involved first dispersing the crushed bulk samples in distilled water in an ultrasonic bath. The large size fraction (greater than 10 m) was sedimented out and a finer fraction was obtained via centrifugation. Through x-ray analysis of the fine fraction, it is possible to identify very small amounts of clay minerals. Oriented sample mounts were prepared for x-ray diffraction by dropping an aqueous suspension of the fine fraction onto a glass slide and allowing it to dry. These mounts
were then x-rayed after the following treatments:
(1) air dried, 30% relative humidity, (2) dried at 100 0 C for at least 6 h, (3) ethylene glycol solvation, form (14-15 A), and potassium smectites occur in 10 A (no-water layers) and 12.6 A (one-water layer) forms (Gillery 1959; Suquet et al. 1975) .
The x-ray patterns of ethylene-glycol-solvated smectites provide additional useful information. Solvation of smectites with ethylene glycol produces a stable complex yielding more easily interpretable x-ray patterns.
Using the methods of Reynolds et al. (1970) and Srodon (1980) and comparing the observed x-ray patterns to hypothetical patterns calculated for a were required for the clay mineral (00 X)/(OOX)s diffraction profiles of randomly nterstratified illite/glycol-smectite. separations, I repeated bulk sample Lines connect the (001)10/(002)17 and (002)10/ x-ray diffraction analyses (Table II) . (003)17 combined reflections (Hower 1981 dyne/cm2 (Norrish, 1972) . With increasing water content (g water/g clay),
sodium-montmorillonites become plastic and disperse in a manner depicted in on the montmorillonites and ultimately on rock properties. It is thus imperative that we understand the present conditions existing in the rocks and appreciate the changes in rock and mineral properties expected when altering these conditions, either in a repository or in a laboratory test.
Further information on the behavior of the montmorillonite-beidellites when heated can be obtained by heating samples to 200 0 C and re-solvating with ethylene glycol.
Samples with high-charge layers and appreciable interlayer potassium will expand only partially, or not at all, after this treatment.
Sample G-3196 was the only sample to be affected by heating, only partially expanding in ethylene glycol. Heating this sample to 100 0 C had no effect on the expansion behavior. In addition, potassium saturating and heating the montmorillonite-beidellite in G-3500 had no effect on the expansion properties.
The montmorillonite-beidellites in the Bullfrog and Tram Members have typical layer charges (about 0.33) and few or no high-charge layers. This suggests that the cation exchange capacities will not be substantially altered by heating up to 200'C.
As noted above, during diagenesis smectites commonly undergo an irreversible transition to illite through an interstratified illite/smectite intermediate. The extent of this reaction in pelitic sediments can be used as an approximate geothermometer (Hoffman et al. 1979) , and it is thus essential to examine the extent of this reaction in the tuffs at the Nevada Test Site. The degree of interstratification in the montmorillonite-beidellites was examined using the techniques of Reynolds et al. (1970) and Srodon (1980) . Table III lists the results of these determinations, along with the approximate ethylene-glycol-complex layer thickness. The montmorillonite-beidellites are all randomly interstratified with a small proportion of illite, and no ordered interstratifications are present. In all samples with low clay mineral contents, I estimated the degree of interstratification using the relative intensity of the low-angle scattering. However, this technique is beset by numerous problems connected with crystallite size and instrumental factors (Reynolds 1968; Ross 1968) , and these results are only qualitative. I applied Srodon's (1980) methods to samples with more than 5 smectite, and these results are considerably more accurate; the uncertainties applied in Table III for these smectites are conservative. It is obvious from these results that there is no consistent trend in the degree of interstratification with depth, and the amount of illite is fairly uniform throughout the Bullfrog and Tram Members, averaging about 10 ± 10%. There is some variation in the thickness of the ethylene glycol complex reflecting changes in the layer charges of the montmorillonite-beidellites.
In the tuffs, the diagenetic transformation from smectite to illite has proceeded only slightly, if at all, and this is contrary to expectations based on the maximum paleogeotherm and observations in pelitic the current geotherm than the maximum paleogeotherm. Roberson et al. (1981) have shown that the reaction of smectite to intetstratified illite/smectite is significantly inhibited by sodium, calcium, and magnesium in solution in addition to potassium.
Indeed, Wolfsberg et al. (1979) report considerably more calcium (13 meq/L) and sodium (50 meq/L) than potassium (4.7 meq/L) in the water from J-13 well. It is therefore probable that the solution chemistry in the tuffs has a pronounced effect on the rate of the smectite to illite/ smectite reaction.
Considering the relatively steep paleogeotherm, it is equally likely that the smectites formed under conditions more closely approaching the present; Perry et al. (1970) showed that smectites are typically only 20% expandable by 100 0 C in Gulf Coast sediments. It appears certain that the zeolites and smectites formed under separate conditions and at different times in the tuffs at the Nevada Test Site.
VI. SUMMARY AND CONCLUSIONS
The results of a detailed examination of the mineralogy of the Bullfrog and Tram Members in USW-G1 agree closely with the bulk mineralogies determined by , although I found slightly higher smectite contents in this study. Smectites are ubiquitous in both units, but a narrow range in the Bullfrog contains virtually no clay minerals. There are no apparent correlations between the amounts of smectite and the amounts of zeolite, quartz, and alkalai feldspar, nor does the amount of smectite appear to be related to the degree of welding in the tuffs.
In the Bullfrog, the zeolitized zones are poorest in smectite, and relatively abundant smectites and zeolites occur together in the lower Tram. The slightly welded to unwelded zone near the bottom of the Bullfrog contains very small amounts of smectites, suggesting that zeolitization may have lowered the initial high permeability.
If so, this implies that smectite formation postdates zeolite crystallization in tuffs.
The montmorillonite-beidellites are randomly interstratified with typically 10 ± 10% illite, and there is no increase in degree of interstratification with depth. It is likely that the sodium, calcium-rich ground water inhibited the diagenetic smectite-to-illite transformation, but it is also probable that the smectites formed under conditions close to those in the rocks today (35-45 0 C) rather than under those suggested by the zeolite zone boundaries (75-110 0 C). 
